In the present assay, we identified a mutant (ut236) with Here, we report a mutant defective in the integration an abnormality in the interaction of the sensory signals of two sensory signals and in two types of learning and named it hen-1 (hesitation in crossing an aversive induced by paired stimuli in C. elegans. All these phenobarrier). We then cloned the gene responsible for this types are caused by a single mutation in the hen-1 gene, phenotype and found that ut236 is a missense mutation which encodes a secretory protein with an LDL receptor (see below). Next, we isolated a deletion allele henmotif and which is expressed in only two pairs of neu-1(tm501) by screening pools of mutagenized worms using rons. The HEN-1 protein acts non-cell-autonomously in PCR (Gengyo-Ando and Mitani, 2000). The phenotype the mature nervous system. These results indicate that of the deletion allele was similar to that of hen-1(ut236) the HEN-1 protein may be a component for sensory except that the hen-1(tm501) animals had weak tenintegration and behavioral plasticity.
dency not to disperse on assay plates. Both mutants had no apparent defects in behaviors such as egg laying, pharyngeal pumping, or defecation, but they exhibited Results
abnormalities in the interaction assay and two types of learning induced by paired stimuli (see below). Here, we An Assay System for the Interaction of Two Sensory Signals
show mainly the results on hen-1(tm501) below. The hen-1(ut236) and hen-1(tm501) animals showed C. elegans shows chemotaxis toward odorants like benzaldehyde and diacetyl (Bargmann et al., 1993) and much weaker tendency to cross the Cu 2ϩ barrier when migrating toward diacetyl than the wild-type in the interavoids Cu 2ϩ ion (Sambongi et al., 2000) . To analyze the integration of sensory signals, we developed an assay action assay (Figure 2A ), although hen-1(tm501) appears to have a stronger phenotype than hen-1(ut236). This system (interaction assay) in which animals have to cross a Cu 2ϩ barrier to reach an attractive odorant, diphenotype can be explained either by defects in the sensation or the integration of sensory signals. To distinacetyl ( Figure 1A) . For quantitative evaluation, we defined an index as the percentage of animals on the odorguish between these two possibilities, we first analyzed the sensation of each of the two stimuli. Wild-type and ant side to the total animals. When animals encountered the Cu 2ϩ ion during migration toward diacetyl, in most hen-1 animals were tested for chemotaxis toward various concentrations of diacetyl by the conventional cases, they moved back and then turned (93%, n ϭ 144, in 100 mM Cu 2ϩ and 10 Ϫ2 diacetyl), whereas in some assay method by which various mutants for chemotaxis have been identified (Bargmann et al., 1993). The results cases (3.5%) they moved straight to the odorant. This avoidance behavior seemed to be regulated by the showed that they were indistinguishable at 10 Ϫ3 dilution or higher, although at lower concentrations hen-1 anichange from forward to backward movement. This assay system enabled us to evaluate the remals showed weak abnormality probably due to weak tendency not to disperse on assay plates ( Figure 2B ). sponses to various concentrations of diacetyl and Cu 2ϩ ion quantitatively (Figures 1B and 1C) . In Figure 1B , Furthermore, hen-1 animals showed normal adaptation to attractive odorants (data not shown). We also anain the absence of the Cu 2ϩ barrier (ϪCu 2ϩ ), the index increased depending on the concentration of diacetyl. lyzed the avoidance of Cu 2ϩ ion using the quadrant assay in which worms can distinguish 10% concentraHowever, in the presence of the barrier (ϩCu 2ϩ ), chemotaxis toward diacetyl is suppressed, and as a result, a tion difference of water-soluble chemicals (for example, 1 and 1.1 mM NaCl) (Wicks et al., 2000; S.R. Wicks, higher percentage of worms failed to cross the midline. In Figure 1C , in the absence of diacetyl (Ϫdiacetyl), the personal communication). However, we found no difference between wild-type and hen-1 animals ( Figure 2C ). index decreased depending on the Cu 2ϩ concentrations as an increasing percentage of animals avoided the barWe then analyzed the interaction of the two sensory signals. When either diacetyl or Cu 2ϩ ion was presented rier. However, the avoidance of Cu 2ϩ ion is suppressed by the presence of diacetyl (ϩdiacetyl). These results in this assay ( Figures 2D and 2E ), the indices of hen-1 animals were almost same as those of the wild-type suggest that the signals for the chemotaxis toward diacetyl and for the avoidance of Cu 2ϩ ion suppress each animals. When both diacetyl and Cu 2ϩ ion were presented in the interaction assay, the index of hen-1 aniother and that the behavior depends on the concentrations of both diacetyl and Cu 2ϩ ion ( Figure 2F ). Therefore, mals was lower than that of wild-type animals. In hen-1 animals, the inhibition of Cu 2ϩ avoidance by diacetyl this assay system should be useful in the analysis of the interaction, or integration, of two sensory signals.
was weaker than in wild-type animals, whereas the inhibition of chemotaxis by Cu 2ϩ ion was stronger (Figure We infer that the diagram shown in Figure 1D Figure 3B ). This result is sensed mainly by ASE neurons, but after conditioning indicates that hen-1 animals can sense temperature like with NaCl in the absence of food, they changed their wild-type animals, but they are defective in learning inbehavior and instead avoided NaCl. In contrast, hen-1 duced by temperature and starvation. mutants showed a weaker behavioral change than did
Since starvation was used to induce plasticity in both the wild-type after the conditioning ( Figure 3A) . Time learning assays, it was necessary to check whether hen-1 animals can sense starvation. To assess this, course analysis showed that this phenotype was at least hen-1 animals were tested for behavioral change after responsible for these phenotypes. The hen-1(ut236) mutation was mapped between stP33 and unc-18 on chrostarvation. Well-fed animals move slower in the presence of food than in the absence of food (basal slowing mosome X, and cosmid clones in this region were tested for activity to rescue the HEN-1 phenotype in the interacresponse, dopamine pathway), whereas starved animals move much more slowly (enhanced slowing response, tion assay (data not shown). We finally found that DNA serotonin pathway) when they are placed on food ( Figure 6A) . Also, the mutant avoided NaCl after conditioning with starvation and NaCl, like wild-type animals ( Figure 3A) . Therefore, the expression of the wildtype HEN-1 in either ASE or AIY was sufficient to rescue the defects in the interaction assay and in the learning behavior. We then analyzed the behavior of the hen-1 mutant expressing the wild-type HEN-1 in other cells. Expression of the wild-type HEN-1 in AWB/C neurons or touch neurons, but not in the body wall muscle, rescued the behavioral phenotype ( Figure 6A ). Since AWB/C and some touch neurons (ALML/R) send axons to the nerve ring, the HEN-1 protein may be secreted from these axons to function properly. These results suggest that the HEN-1 protein functions non-cell-autonomously in the nervous system.
HEN-1 Acts in the Mature Neuronal Circuit
To examine when during development expression of behavior after heat shock and also that the transgene occur in the neuronal circuit because the two stimuli are sensed by distinct sensory neurons ( Figure 1D ). ThereThe ttx-3 mutants (mg158, ot22, ot23) showed a HEN-1-like phenotype: they preferred avoidance of Cu 2ϩ fore, this assay facilitates direct examination of the integration of sensory signals and identification of mutants ion to chemotaxis toward attractive odorants, and this phenotype was rescued by the wild-type ttx-3 transgene defective in this function. For assays on neuronal plasticity, we used behavioral ( Figure 6B ). In addition, the ttx-3 mutants also showed defects in learning induced by NaCl and starvation (Y.I., changes induced by paired stimuli: NaCl and starvation
HEN-1 Function
hen-1 mutants exhibit defects in three behaviors: integration of signals for attractive odorants and Cu 2ϩ ion, learning induced by NaCl and starvation, and learning induced by temperature and starvation. These phenotypes are caused by defects of a secretory protein that contains an LDL receptor motif and is expressed in AIY interneurons and ASE sensory neurons. The expression of HEN-1 in other neurons but not in muscles rescued the behavioral phenotype. This may be because overexpression of HEN-1 in neighboring axons in the nerve ring is sufficient for its function. We could not analyze the effect of HEN-1 expression in neurons that do not send axons to the nerve ring because no suitable neuronal promoters were available. The localization pattern of the HEN-1 protein was punctate in axons and was dependent on the motor protein KIF1A homolog for synaptic vesicular transport. This suggests that the HEN-1 protein is secreted from the neuronal process, probably synaptic terminals, and may be involved in neuromodulation within the nerve ring. We also showed that the HEN-1 protein is required for sensory processing in the mature neuronal circuit but not for the development of the nervous system.
These rons where many sensory neurons form synapses to convey sensory signals. Furthermore, the ttx-3 mutant, in which AIY neurons are not properly differentiated, shows defects in the interaction assay and learning usor temperature and starvation. Unlike behavioral changes induced by single stimuli, these paradigms require the ing NaCl and starvation. These observations suggest that AIY neurons, which are important in thermotaxis association of two signals for memory formation. Hence, these assays detect not only neuronal plasticity for sen- (Mori and Ohshima, 1995) , also have a crucial role in the informational processing involved in these assays. We sory signals but also sensory integration in the neuronal circuit. hen-1 mutants exhibit defects in these learning can speculate on how AIY neurons act in the neuronal circuit. In the interaction assay, the synapses from AIY assays in addition to the integration assay. Since these learning paradigms require the integration of two sigto AWA ( Figure 1D) worms carrying an extrachromosomal array, and we compared the indices of transgenic and nontransgenic worms on the same assay Experimental Procedures plate. In such cases, the paired t test was used for statistic analyses, whereas to compare indices of animals between different plates, C. elegans Culture and Strains Student's t test was used. C. elegans was cultivated using standard methods (Brenner, 1974). The strains used in this study were the following: N2(wild-type), RW7000, ttx-3(mg158), ttx-3(ot22), ttx-3(ot23), unc-104(e1265), mutIsolation and Positional Cloning of hen-1 2(r459); dpy-19(n1347), and unc-18(e81) dpy-6(e14).
Processing of Sensory Information in the Neuronal
While analyzing an mgl-1 knockout mutant isolated by the Tc1 insertion/deletion method (Zwaal et al., 1993), we found that this strain showed defects in the interaction assay. The mutation responsible Behavioral Assays Chemotaxis toward the attractive odorants was assayed as defor this phenotype, hen-1(ut236), was mapped between stP33 and stP129 on chromosome X by STS mapping (Williams et al., 1992), scribed (Bargmann et al., 1993) except the assay plate contained 50 mM NaCl. Avoidance of Cu 2ϩ ion was analyzed by the quadrant indicating that hen-1 is distinct from mgl-1. Before analyzing the behavior of the hen-1(ut236) mutant precisely, the mgl-1 mutation assay, for which agar plates were partitioned into four parts (Wicks et al., 2000) . In this assay, two of the four parts contain Cu 2ϩ ion, was removed by outcrossing with N2.
For a three-factor cross, unc-18 dpy-6 was crossed with hen-1 and animals were tested whether they moved into the Cu 2ϩ -containing parts. Locomotory rates were assayed as described (Sawin males. Homozygous recombinants from the descendants were crossed with hen-1 males. The F2 non-Unc non-Dpy animals were et al., 2000).
Plasticity of chemotaxis was analyzed as described (Saeki et al., subjected to the interaction assay, and their genotypes were determined by observing the phenotypes of their descendants. Cosmid 2001) with some modifications. Animals were washed, placed on a conditioning plate (10 mM MOPS-NH 4 [pH 7.2], 50 mM NaCl, 3%
clones were injected into ut235; hen-1 double mutant animals, because the phenotypic difference between ut235 and ut235; hen-1 agar) or a mock-conditioning plate (10 mM MOPS-NH 4 [pH 7.2], 3%
